The appearance and disappearance of dendritic spines, accompanied by synapse formation and elimination may underlie the experiencedependent reorganization of cortical circuits. The exact temporal relationship between spine and synapse formation in vivo remains unclear, as does the extent to which synapse formation enhances the stability of newly formed spines and whether transient spines produce synapses. We used in utero electroporation of DsRedExpress-and eGFP-tagged postsynaptic density protein 95 (PSD-95) to investigate the relationship between spine and PSD stability in mouse neocortical L2/3 pyramidal cells in vivo. Similar to previous studies, spines and synapses appeared and disappeared, even in naive animals. Cytosolic spine volumes and PSD-95-eGFP levels in spines covaried over time, suggesting that the strength of many individual synapses continuously changes in the adult neocortex. The minority of newly formed spines acquired PSD-95-eGFP puncta. Spines that failed to acquire a PSD rarely survived for more than a day. Although PSD-95-eGFP accumulation was associated with increased spine lifetimes, most new spines with a PSD did not convert into persistent spines. This indicates that transient spines may serve to produce short-lived synaptic contacts. Persistent spines that were destined to disappear showed, on average, reduced PSD-95-eGFP levels well before the actual pruning event. Altogether, our data indicate that the PSD size relates to spine stability in vivo.
Introduction
The formation of new synapses at the expense of old synapses may underlie the experience-dependent and functional reorganization of cortical circuits in adults Fu and Zuo, 2011) . Imaging studies in vivo have shown that proxies for synapses, such as dendritic spines and axonal boutons, appear and disappear over days, even in naive mice. Under baseline conditions, new dendritic spines rarely transform into persistent spines and usually retract within hours and days after they are formed Zuo et al., 2005) . These transient spines were hypothesized to generate short-lived synaptic contacts. Indeed, in vitro studies have shown that new spines can display transmitter-evoked Ca 2ϩ transients within hours (Zito et al., 2009 ) and often rapidly incorporate morphologically mature synapses (Nägerl et al., 2007; Zito et al., 2009 ). However, retrospective electron microscopy (EM) on dendrites that were imaged in vivo has shown that a large fraction of new spines do not bear a morphologically defined synapse within the first day ; but they always contain synapses after several days and their sizes correlate with the spines' lifetimes. This suggests that synapse growth in vivo is slow and that spine stabilization and synapse growth are closely linked. It also implies that transient spines are new spines that fail to form a synapse. However, because the findings were based on end-point measurements, it remains uncertain whether synapse formation in vivo is a unique signature of new persistent spines. Neither do we know whether new spine survival and pruning in vivo is associated with synapse growth or shrinkage, respectively.
To answer these questions, we expressed PSD-95-eGFP in adult L2/3 pyramidal cells of the barrel cortex using in utero electroporation and imaged dendritic spines in vivo. PSD-95 is a postsynaptic scaffold protein that is present in the majority of excitatory synapses and interlinks a variety of proteins (Craven et al., 1999; Chen et al., 2005; Sheng and Hoogenraad, 2007) . PSD-95 modulates postsynaptic function and maturation (ElHusseini et al., 2000; Ehrlich et al., 2007) . Expression of PSD-95-eGFP allows the visualization of postsynaptic densities (PSDs) in real time in vitro (Okabe et al., 1999; Sala et al., 2003; Sharma et al., 2006; Woods et al., 2011) and in vivo (Niell et al., 2004; Gray et al., 2006; Kelsch et al., 2008; Livneh et al., 2009 ) without disturbing gross synaptic network dynamics (Gray et al., 2006) . Such experiments have indicated that the appearance and disappearance of fluorescently labeled PSD-95 puncta is likely to represent synapse formation and synaptic pruning (Prange and Murphy, 2001; De Roo et al., 2008; Chen et al., 2011) .
Our data confirm that PSDs are dynamic in vivo and imply that spine maintenance is associated with the presence of a PSD and may even depend on its size. The accumulation of PSD-95 is associated with (new) spine survival. However, the presence of a PSD is not an exclusive attribute of persistent spines; a small fraction of transient spines may serve to produce short-lived synaptic contacts.
Materials and Methods

DNA constructs
The pCAG-PSD-95-eGFP-WPRE and pCAG-DsRedExpress-WPRE plasmids were obtained from K. Svoboda, Janelia Research Farms (Gray et al., 2006) . In the PSD-95-eGFP plasmid, the eGFP open reading frame was placed in frame at the 3Ј translated region of PSD-95, which codes for the c-terminal part of the PSD-95 protein (Okabe et al., 1999) . In both plasmids, expression was driven by the CMV-enhanced chicken ␤-actin promoter (CAG). The 3Ј untranslated regions contained the woodchuck hepatitis virus posttranslational regulatory element (WPRE) and the bovine growth hormone polyadenylation site.
Electroporation
This study was performed according to the guidelines of the Swiss Federal Act on Animal Protection and Swiss Animal Protection Ordinance. All experiments were approved by the ethics committee of the University of Geneva and the Cantonal Veterinary Office (Geneva, Switzerland) .
In utero electroporations were performed as described previously (Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001 ; Fig. 1A ). In short, E16 timed-pregnant C57BL/6J mice were anesthetized using an isoflurane-oxygen mixture (2% vol isoflurane/vol O 2 ). The uterine horns were exposed through a ϳ1 cm incision on the abdominal wall. Approximately 1 l of buffer solution containing ϳ2 g/l pCAG-PSD-95-eGFP-WPRE plasmid, a molar equivalent of pCAG-DsRedExpress-WPRE plasmid, and a trace of Fast Green (Sigma) was injected using a custom-made intracellular microinjection dispense system that was controlled by a pulse stimulator (Master-8; A.M.P.I.). The fluid was injected into the right lateral ventricle of each embryo through a pulled-glass pipette. Subsequently, the head of each embryo was placed between custom-made tweezer electrodes with the positive electrode contacting the right side of the head. Electroporation into the right cerebral cortex was achieved using 5 square pulses (duration ϭ 50 ms, frequency ϭ 1 Hz, 40 V).
The single cell electroporation was performed as described previously (Judkewitz et al., 2009) . The procedure was performed on a 6-week-old C57BL/6 male. An intracellular solution containing ϳ100 ng/l pCAG-PSD-95-eGFP-WPRE plasmid and a molar equivalent of pCAGDsRedExpress-WPRE plasmid was used.
Cranial window
At postnatal day 42, mice were anesthetized with a ketamine (0.10 mg/g body weight) and xylazine (0.01 mg/g body weight) mixture. The cranial windows were implanted as described previously Fig. 1B) . Before the surgery, dexamethasone (ϳ2 g/g body weight) was injected intramuscularly to reduce cerebral edema during the craniotomy. The craniotomy was located above the right somatosensory cortex (ϳ1.5 mm caudal and ϳ3 mm lateral of bregma). The craniotomy was covered with a 5-mm-diameter cover glass, which was permanently glued to the skull using dental acrylic cement. The dura remained intact. After surgery, the animals received buprenorphine (0.1 g/g body weight, s.c.) and carprofen (5 g/g body weight, i.p.) to reduce pain and inflammation. Imaging was started 2 weeks after cranial window implantation.
Imaging
In vivo images were acquired under isoflurane anesthesia (1% vol isoflurane/vol O 2 ) using a custom-built, two-photon laser-scanning microscope (2PLSM; Holtmaat et al., 2009 ) controlled by custom software written in MATLAB (Scanimage; Janelia Research Farm; Pologruto et al., 2003) . As a light source, we used a tunable Ti:sapphire laser (Chameleon ultra II; Coherent) running at 940 nm for simultaneous excitation of eGFP and DsRedExpress (typically 80 -120 mW at the back focal plane of the objective). The microscope was equipped with a 40ϫ, 0.8 numerical aperture water-immersion objective (Olympus) and high-quantumefficiency photomultiplier tubes (R3896; Hamamatsu). Emitted light was spectrally separated using a 565 nm dichroic mirror (Chroma) and two band-pass filters (510/50 nm and 620/60 nm; Chroma). Typically, the mice coexpressed PSD-95-eGFP and DsRedExpress in a large subset of L2/3 pyramidal cells under the cranial window ( Fig. 1 B, C) . Dendrites were imaged for 2 weeks over various time intervals (6, 18, and 96 h; Fig.  1D ). Images were acquired at 2 ms/line (image size, 512 ϫ 512 pixels; pixel size, 0.06 ϫ 0.06 m).
Focused ion beam scanning electron microscopy
EM of an in vivo imaged dendrite was performed using the same method as described previously . The mouse was perfused via the heart immediately after the live imaging using a buffered mix of 2% paraformaldehyde and 2.5% glutaraldehyde in PB (0.1 M, pH 7.4). Two hours later, the brain was removed and 60-m-thick Vibratome sections cut tangentially to the imaged region. The section containing the dendrites of interest was then imaged again in the two-photon microscope. Using the laser, fiducial marks were burnt into the fixed tissue around the portion of dendrite required for EM analysis.
The section was then washed in cacodylate buffer (0.1 M, pH 7.4) and postfixed and stained in 1.5% potassium ferrocyanide with 1% osmium tetroxide, followed by 1% osmium tetroxide alone and then finally 1% aqueous uranyl acetate. Sections were dehydrated in graded alcohol series and embedded in Durcupan resin.
Once the resin had hardened, the region containing the laser marks was mounted onto a flat, blank resin slab and trimmed with a glass knife and ultramicrotome ready for the electron microscope. The portion of the block containing the fiducial marks was imaged inside an NVision 40 FIBSEM microscope (Carl Zeiss) using an acceleration voltage of 1.5 kV, current of 350 pA, and dwell time of 10 s/pixel. The images were collected at a magnification of 6 nm/pixel. The milling depth between images was 12 nm. The entire image series was aligned in the Fiji software (http://fiji.sc/wiki/index.php/Fiji) and the dendrites of interest manually segmented using TrakEM2 program in Fiji software (Cardona et al., 2012) . The Blender software (www.blender.org) was used for the final visualization and measurements of the synaptic surface areas.
Image analysis
Scoring of spines and PSD-95-eGFP-puncta. A custom-written MATLAB program ) was used to analyze dendritic spines and PSD-95 puncta dynamics in three dimensions over the 13 imaging sessions. We collected data from 7 C57BL/6J mice (6 males and 1 female), including 1583 spines or PSD-95 puncta (a total number of ϳ10,000 spines or puncta were detected over the whole time course of the experiment, including gained and lost elements), with the number of structures per animal ranging from 122 to 480. Only spines that were emanating laterally from dendritic shaft were included. Protrusions or PSD-95 puncta were scored manually using strict criteria. To assess rapidly during the scoring procedure whether a spine contained a PSD-95-eGFP punctum, a region smaller than the spine head was selected in the green channel (Sp G ; Fig. 2B , gray arrowhead). Several (3-4) regions of the same size were selected in the dendritic shaft just below the spine (Fig.  2B , black arrowhead), carefully avoiding unambiguous PSD-95-eGFP concentrations (D G ; Fig. 2B , open arrowhead), and averaged. Presumptive PSD-95 puncta within the shaft were analyzed similarly. We denoted a punctum if the intensity of Sp G was 10% brighter than the average of D G and 5ϫ higher than the SD of this average. This analysis revealed three different groups: spines with a PSD-95-eGFP punctum, spines without a PSD-95-eGFP punctum, and PSD-95-eGFP puncta without a discernible spine. In a subset of spines (n ϭ 217), we measured the fraction of diffusible PSD-95-eGFP that was bound in the spine head using a method described previously (Otmakhov et al., 2004) . The fluorescence intensities were taken the same regions as described above, including both channels
Background pixel values were sub-tracted. Negative accumulation values and values Ͼ1 were set to 0 because these were caused by near-background pixel intensities. We used a two-partioning k-means cluster analysis (MATLAB) to separate the presumptive SpO and SpP populations. This method produced nearly similar results (Fig. 2C) .
Quantification of fluorescence intensities. 2PLSM and retrospective EM showed that spine volumes are proportional to spine brightness . Therefore, we used relative DsRedExpress and eGFP brightness in single two-photon optical sections to estimate relative spine volumes and PSD sizes, respectively (Fig. 5B) . Spine fluorescence was calculated by integrating the pixel values of a selected area around the spine head of the brightest section (Fig. 5B, circle ). An average background pixel value was calculated from an area on the same section next to the spine (Fig. 5B, box) . The background pixel value was subtracted from each pixel of the spine area. Because dendritic shaft diameters were constant and relatively uniform, we used them to correct the spine fluorescence levels for possible variations in excitation and detection efficiencies. For each spine, we selected a region (1-3 m long) in the dendritic shaft. The average of the background-subtracted brightest pixels along this specified region was calculated using custom software written in MATLAB (kindly provided by Sen Song; Grillo et al., 2013 ) and used as a normalization factor. The spine and PSD-95-eGFP values were expressed as the background-subtracted spine and PSD-95-eGFP intensity divided by the normalization factor. Although this analysis method proved sound for spines on big dendrites , regions of interest in which the dendrite was very small could occasionally cause extreme spine brightness values. In general, we assumed that the dendritic volume exceeds the point-spread function of the microscope and that the maximum pixel values in the dendrite are linearly related to fluorescent protein expression levels. However, in some cases, dendritic volumes were smaller than the point-spread function and presumably smaller than large spine heads. In these cases, the maximum pixel values in the dendrite did not accurately relate to expression levels, which resulted in an overestimation of the relative spine volume. Similar errors occurred in the green channel. To minimize the influence of these outliers in the regression analysis, we applied a robust least-square regression analysis (MATLAB).
Spine and PSD size changes over time. Relative spine and PSD size changes were expressed as the common logarithm ratio of the relative spine brightness on time point 2 over time point 1. Persistent spines were often sampled several times. To estimate the sampling error and the error due to movement noise, we imaged 10 spines on various dendrites 10 times (with 1 min intervals), assuming that spine volume fluctuations are minimal over this time span. The log 10 ratio between the highest and lowest value measured over this 10 min period was 0.1.
Statistics
For structure identity analysis, we pooled the spines of all animals and performed binary data statistics ( 2 test) or paired t tests to compare values over animals. For the regression analysis of new spines volumes, we used a robust fitting method (MATLAB). Comparison of fluorescence distributions was performed using a Kolmogorov-Smirnov test. Significance of volume changes was calculated using t tests.
Results
PSD-95-eGFP expression allows the identification of PSDs
Adult mice that were transfected at embryonic day 16 expressed PSD-95-eGFP and DsRedExpress in L2/3 cortical pyramidal cells ( Fig. 1 B, C) . We observed coexpression in a large subset of neurons. Neurons that were sufficiently bright in both channels were selected for long-term imaging (2 weeks) of high-magnification regions of interest. (Fig. 1D ). The linear spine densities (0.34 Ϯ 0.02 m Ϫ1 , n ϭ 39 dendrites) and spine turnover (22% over 4 d) were similar to previous observations Gray et al., 2006) . We observed concentrations of PSD-95-eGFP in spines and dendritic shafts ( Fig. 2A ). Such puncta have been shown to represent postsynaptic densities (Okabe et al., 1999; Okabe et al., 2001; Gray et al., 2006) . To reproducibly discriminate between putative synaptic and nonsynaptic PSD-95-eGFP concentrations, we measured the ratio of eGFP fluorescence intensities per pixel in a presumptive PSD-95-eGFP punctum and the pixel intensity average of a neighboring region in the dendritic shaft, avoiding clear puncta in the shaft (Fig. 2B ). We assumed that the dendritic shaft average represents the level of freely diffusing and unbound PSD-95-eGFP (Gray et al., 2006) . We arbitrarily defined a PSD-95-eGFP punctum to represent a PSD if its fluorescence intensity was 10% higher than the average in the dendritic shaft and 5ϫ higher than the SD of this average. This threshold resulted in three different types of structures ( Fig. 2A) : (1) protrusions without a PSD-95-eGFP punctum, which we termed "spines only" (SpO; Fig "spines with PSD" (SpP; Fig. 2A , #2 and #3); and (3) puncta in the dendritic shaft, termed "PSD only" (PO; Fig. 2A, #4 ). It should be noted that the latter structures may represent shaft synapses and synapses on spines that could not be resolved along the optical axis of the microscope. At the start of the experiment, 17.4% of all structures were classified as SpO, 62.5% as SpP, and 20.1% as PO (total n ϭ 690 structures; Fig. 4 A, B) .
To determine whether this method reliably distinguishes the different classes, we also measured the fraction of bound PSD-95-eGFP in 217 randomly selected spines using a method used previously to index the accumulation of synaptic proteins (Otmakhov et al., 2004) . In the majority of spines (76%), the fraction of PSD-95-eGFP bound within the spine head equaled 0.75 or higher. The distribution of bound PSD-95-eGFP fractions displayed a local minimum of ϳ0.55, suggesting that the spines with and without PSDs may separate around this value (Fig. 2C,  left) . Indeed, a partitioning of the data in 2 clusters (k-means cluster analysis) revealed a similar separation value (centroids: cluster 1, fraction bound 0.19 Ϯ 0.19, n ϭ 41, and cluster 2, fraction bound 0.88 Ϯ 0.08, n ϭ 176), which nearly matched the SpO (n ϭ 40) and SpP (n ϭ 177) scores, respectively (Fig. 2C,  right) . One SpP fell into cluster 1 and two SpOs fell into cluster 2. The ambiguity in some of the spines (ϳ5% of the SpOs) was probably due to the variability in the PSD-95-GFP and dsRedExpress levels in different dendrites, which was used to normalize spine fluorescence. Therefore, the rapid puncta detection may cause a slight overrepresention of the number of SpOs. Nonetheless, the results suggest that in vivo PSD punctum detection methods distinguish the vast majority of PSD-containing spines from the PSD-less structures.
To further investigate the accuracy of the scoring criteria, we used single-cell electroporation of PSD-95-eGFP combined with focused ion beam scanning electron microscopy (FIBSEM; to reconstruct a dendritic branch of an imaged PSD-95-GFP-expressing neuron that had PSD-95-eGFP-less protrusions ( Fig. 3 A, E, #5 and #6) and small PSD-95-eGFP puncta just above the detection threshold (Fig. 3 A, E, #4 ). All protrusions that were seen in the 2PLSM image were found in the EM reconstruction (compare Fig. 3 A, B) , even thin spines with necks thinner than 85 nm (Fig. 3 A, B, #5 and #6) . Similarly, all PSD-95-eGFP clusters that we had defined as puncta represented postsynaptic densities in the electron micrographs (Fig. 3B-D) , with the smallest PSD-95-eGFP punctum being among the smallest PSDs that can be observed in FIBSEM. The three protrusions that we had defined as SpOs did not contain a visible postsynaptic density in the EM. The brightness of the puncta displayed a linear relationship with the size of the PSDs, as measured in the EM reconstruction (Fig. 3C) . This indicates that, in vivo, 2PLSM of PSD-95-eGFP reliably detects the smallest PSDs.
PSD-95-eGFP puncta appear and disappear
Time-lapse imaging revealed many protrusions and PSD-95-eGFP puncta that were present over the whole experiment (n ϭ 302). However, as expected and similar to previous in vivo imaging studies, some structures appeared or disappeared during the imaging period. A total of 1-5% of the structures that were present from the start until the end were classified as SpOs (1.7% at 0 h, 5.0% at d17; Fig. 4 A, B) , whereas 78 -82% were SpPs (81.8% at 0 h, 78.4% at d17) and 16% were POs (16.6% at 0 h, 16.6% at d17). This indicates that persistent spines nearly always contain a PSD, confirming EM observations . The majority of structures that were gained and/or lost comprised SpOs at the moment they were observed for the first and last time, respectively (gains: 55.0% SpO, 27.2% SpP, 17.8% PO; losses: 50.5% SpO, 30.9% SpP, 18.6% PO). This indicates that a large fraction of spines that were newly formed did not immediately contain a PSD, confirming previous EM observations ( . Similarly, spines that were destined to be lost often did not contain a PSD shortly before they were pruned. However, it should be noted that a large fraction of gained and lost spines comprised transient spines that appeared and disappeared within the time frame of our experiment. Because synapse formation may be considerably delayed compared with the formation of a dendritic spine , we calculated the fraction of new and lost spines with a defined PSD for various intervals (6, 18, and 96 h) over which we first or last observed them (Fig. 4C,D) . It should be noted that, here too, both populations contained transient spines. A total of 18.6% of the new spines that appeared over imaging intervals of 6 h contained a PSD. A significantly larger fraction (42.4%, p Ͻ 0.005, 2 ) of spines first seen over 96 h intervals contained PSDs. This suggests that although synapse formation may happen within hours after the growth of a protrusion, in some protrusions, the accumulation of detectable PSD-95-GFP puncta may take much longer. Similarly, a significantly larger fraction of spines that were last seen before a 96 h imaging interval contained a PSD than before a 6 h interval (96 h, 48.4%; 6 h, 19.4%, p Ͻ 0.005, 2 ). This suggests that spines destined to disappear gradually lose their PSD over the course of days. Nonetheless, some spines contain a PSD shortly (hours) before they are pruned, in accordance with recent in vitro data (Woods et al., 2011) .
Relationship between PSD-95-eGFP clustering and spine stability Throughout the imaging period, we observed various combinations of spine and PSD stabilities. Persistent spines always bore a PSD (Fig. 5A, #1) . Many large PSD-95-eGFP puncta in spines were maintained over long time frames, but occasionally they were abruptly lost (Fig. 5A, #1 ) or gradually lost (Fig. 5H, #5 ). Many new spines failed to acquire a clear PSD-95-eGFP punctum on one of our imaging time points and were lost shortly after they were generated (Fig. 5A, #3 ). Some new spines that stabilized incorporated a distinct PSD-95-eGFP punctum (Fig. 5A, #4) . Occasionally, we saw new spines at least twice without a PSD-95-eGFP punctum (Fig. 5G, #6 ). To investigate quantitatively the relationship between PSD-95 clustering and spine stability, we analyzed the fractions of new spines that accumulated PSD-95-eGFP and compared this with their survival rate (Fig. 5 B, C) . First, we measured the fraction of new spines with and without PSDs immediately after they were formed and reassessed this fraction 24 h later (Fig. 5B) . We analyzed a subset of 193 new spines that were detected on time point t ϭ 24 h, t ϭ 168 h, or t ϭ 192 h and did not exist 24 h before these points (t ϭ 0 h, 144 h, and 168 h, respectively). A total of 70.5% (136) of spines were devoid of a detectable PSD-95-eGFP punctum. Out of this pool of spines, 17.6% (24 spines) were still present after 24 h. In this subset of new spines, none had accumulated PSD-95-eGFP (but see Fig. 5A , spine #4, for an example of a new spine with a delayed acquisition of a PSD). Conversely, 29.5% (57 spines) of the new spines contained a PSD-95-GFP punctum and 59.6% (34) of those were detected again 24 h later. All had maintained their synapses. As a result, the fraction of new spines with a PSD had significantly increased over 24 h (59% at t ϭ 24 h, 30% at t ϭ 0 h, p Ͻ 0.005, 2 ). When we tracked new spines that were only up to 6 h old (n ϭ 161; Fig. 5C ), we found that an even smaller fraction contained a PSD-95-eGFP punctum (18.6%, n ϭ 30), of which only a small portion survived over the next 18 h (33.3%, n ϭ 10). A total of 14.5% of spines that did not contain a PSD-95-eGFP punctum survived over the next 18 h (n ϭ 19); 31.6% of these (n ϭ 6) had incorporated a PSD. Therefore, of all of the new SpPs that were observed at the second time point (n ϭ 16), 37.5% had incorporated PSD over the 18 h interval. This indicates that PSD-95-eGFP accumulation in a new spine is not always immediate and may occur with a delay of Ͼ6 h. To assess the relationship between the presence of PSD-95-eGFP and spine survival over longer time frames, we grouped new spines that were seen in at least two imaging sessions into two categories: those that were seen over an interval Ͻ96 h (transient spines; Holtmaat et al., 2005) and those with a lifespan of Ͼ96 h (Fig. 5D) . Out of the total number of new spines (721) that had appeared during the experiment, the majority was seen only once (71.1%); 126 (24.6%) of these spines had a PSD when they were detected. A small fraction of the new spines survived for Ͼ96 h (14.0%) and the majority of those displayed a PSD at least once (83.2%; 84 of 101). Of the remaining spines (14.9%; i.e., those that were seen at least twice but survived for Ͻ96 h), a significantly lower fraction (64.5%; 69 of 107; p Ͻ 0.005, 2 ) had displayed a PSD punctum at least once. This shows that the presence of a PSD indicates a higher probability for a new spine to stabilize. However, the acquisition of a PSD does not per se predict the stabilization of a spine. In fact, the majority of new spines bearing a PSD at least once disappear before they are 4 d old (69.9%). To investigate the interaction between the presence of PSD-95-eGFP puncta and spine loss, we selected a population of SpPs that were present on the first imaging time point (t ϭ 0 h) yet were lost over the course of the experiment (after t ϭ 6 h). The lost spines were grouped into three categories: those last seen before an interval of 6, 18, and 96 h. Although the majority of spines that disappeared still had a PSD-95-eGFP punctum on the last time point (6 h, 65%; Fig. 5E ), a substantial fraction had lost their puncta before their disappearance (6 h, 35%; Fig. 5H, #5 ). The fraction of spines that had lost their PSD-95-eGFP punctum before their disappearance tended to decrease gradually with an increase of the interval time, but we did not detect a significant difference (Fig. 5E ). This suggests that, in general, spine and synapse disappearance happens concomitantly (over the course of hours). However, some spines may persist for some time, even after they have lost their PSD (Fig. 5H ) . A total of 20% of the disappearing spines survived for Ͼ96 h after they had lost their PSD-95-eGFP punctum (Fig. 5F ). This fraction is significantly higher compared with new spines that never accumulate a PSD-95-eGFP punctum (5%, p Ͻ 0.005 2 ; Fig. 5F ). This suggests that, once spines have acquired a PSD, their survival rate increases even when they lose their synapse. Takumi Holtmaat et al., 2005; . Electrophysiology and imaging studies in vitro have confirmed this finding . The FIBSEM reconstructions show that PSD size is proportional to the brightness of PSD-95-eGFP in spines (Fig.  3C ). This suggests that spine brightness in vivo is proportional to PSD-95-eGFP brightness. In general, we observed that bright spines in the red channel also contained high green fluorescence intensity levels (Figs. 5A, 6A) . Conversely, dim spines in the red channel contained low green fluorescence intensities. To investigate quantitatively the relationship between spine size and putative PSD size, we selected a random population of SpPs (n ϭ 108) that were seen on the first imaging session. It was shown previously that spine brightness, as measured in single 2PLSM optical sections, is monotonically related to spine volume Mostany et al., 2013) . Here, we assumed that the brightness of PSD-95-eGFP reliably represents the PSD size. Because the absolute fluorescence levels differed between animals and different cells, we normalized the integrated red and green fluorescence intensity in the spine head to the mean of the maximum pixel values that we encountered in a 1 to 3 m stretch of parent dendrite just below the spine (Fig. 6B) . Both green and red fluorescence intensities in spines followed a lognormal distribution (data not shown; Loewenstein et al., 2011) . A regression analysis revealed a linear relationship between red and green intensities in the spine head (R 2 ϭ 0.79, r ϭ 7.12; Fig. 6C ). These data corroborate previous EM studies ( Harris and Stevens, 1989; and indicate that the expression of PSD-95-eGFP does not disturb the relationship between spine and PSD size.
Relationship between spine formation and PSD size
To investigate the interaction between PSD size and new spine formation, we measured the levels of PSD-95-eGFP and new spine volumes. We selected a random population of new spines that had appeared at any time point and analyzed their normalized spine head volume and PSD sizes on the first time point of observation (Fig. 6 D, E) . The population of new spines was divided into those that were classified as SpP (Fig. 6D, #2 and #3 ; Fig. 6E , blue dots) and SpO ( Fig. 5D, #1; Fig. 6E, red dots) . As expected, in the SpO subpopulation, the PSD-95-eGFP intensity modestly increased with spine volume. In new SpPs, the slope of the interaction was steeper (r SpP ϭ 2.38, range 2.31-2.46; r SpO ϭ 1.18, range 1.14 -1.22; robust regression analysis), but still shallower than for randomly selected SpPs. Therefore, the cytosolic volumes and the PSD-95-eGFP levels of new spines that had acquired a PSD were significantly larger than the volumes of new spines without a PSD and their respective normalized cumulative distributions were significantly different ( Fig. 6F ; dotted lines vs dotted lines, p Ͻ 0.005; solid lines vs solid lines, p Ͻ 0.005; KS test). These data indicate that, on average, young new spines contain smaller PSDs relative to their head volume compared with persistent spines. This may be indicative of a synaptic maturation process that lags spine enlargement.
PSD size changes correlate with spine volume changes Spine head volumes have been shown to fluctuate in vivo, even in persistent spines Holtmaat et al., 2006; Hofer et al., 2009; Loewenstein et al., 2011) . Although spine volume and synapse size are tightly coupled, it could not be deduced from these experiments whether PSD sizes closely follow spine volume changes. We estimated spine head volume and PSD size alterations of persistent spines by measuring the ratio of fluorescence intensities between two consecutive time points (intervals of 6, 18, and 96 h) in both the green and red channel. This analysis confirmed that spine head volumes fluctuate continuously. PSD size changes and spine head volume changes could be fit with a linear function (r ϭ 0.6; n ϭ 1224; Fig. 6A ), but the correlation between the magnitudes of the changes was poor (R 2 ϭ 0.26). In a small fraction (162 of 1224, 13.2%) of sampled spines, the PSD size and spine head volume dynamics were anisometric; that is, the spine grew whereas the PSD shrunk or vice versa (Fig. 7A , quadrant II and IV). These types may represent spines that had undergone synaptic weakening or strengthening shortly before they were imaged, because the initial phase (5-10 min) of longterm potentiation (LTP) induction shows relatively poor interactions between spine head size and synapse strength Lee et al., 2009) .
To investigate the relationship between spine stability and PSD size and spine head volume changes, we compared the changes over two time points for new spines and lost spines with persistent spines (Fig. 7B) . A random set of new SpPs was selected at various time points (from t ϭ 6 h onward) and their size was measured on the first and second time point on which they were detected (Fig. 7D) . Lost spines were defined as those that were detected with a PSD-95-eGFP punctum on the first imaging day (t ϭ 0 h) and were subsequently lost over the time course of the experiment. Their sizes were measured on the last two time points at which they were detected. Despite numerous large fluctuations (e.g., Ͼ3-fold changes), on average, growth and shrinkage canceled out one another in persistent spines (PSD-95-eGFP, Ϫ0.048 Ϯ 0.015; DsRedExpress, Ϫ0.023 Ϯ 0.013, n ϭ 1224; Fig.  7B ). This may be indicative of homeostatic processes that keep synapse strength, and thereby PSD size, equal over time (Turrigiano and Nelson, 2004) . Conversely, the log 10 ratios were slightly skewed toward positive values for new spines and toward negative values for lost spines (new: PSD-95-eGFP, 0.064 Ϯ 0.042; DsRedExpress, 0.065 Ϯ 0.033; n ϭ 386, p Ͻ 0.005, t test between persistent and new; lost: PSD-95-eGFP, Ϫ0.366 Ϯ 0.093; DsRedExpress, Ϫ0.298 Ϯ 0.068; n ϭ 117, p Ͻ 0.005, t test between persistent and lost). To determine whether those types of spines displayed different structural dynamics over their whole lifetime, we measured fluorescence changes in a randomly selected set of imaging time points and intervals ( Fig. 7E ) and took the absolute value of the ratios between the two time points to assess the variance in the changes. New and lost spines displayed increased PSD size and spine head volume fluctuations, indicating that their synapses are generally less stable than those of persistent spines (persistent: PSD-95-eGFP, 0.393 Ϯ 0.010; DsRedExpress, 0.311 Ϯ 0.008, n ϭ 1224; new: PSD-95-eGFP, 0.533 Ϯ 0.058; DsRedExpress, 0.488 Ϯ 0.047; n ϭ 37, p Ͻ 0.005, t test; lost: PSD-95-eGFP, 0.481 Ϯ 0.027; DsRedExpress, 0.379 Ϯ 0.024; n ϭ 277, p Ͻ 0.005, t test; Fig. 7C ). The increased PSD dynamics may be a signature of spines that are still in a growth process or are destined to disappear.
Discussion
We have characterized the relationship between PSD dynamics and spine stability in real time in vivo. Our data show that the expression of PSD-95-eGFP in vivo allows the identification of the smallest PSDs seen in EM (Fig. 3) . Persistent spines almost always bear a PSD (Figs. 4, 5) . Two-thirds of the new spines and spines that are destined to be lost lack a clear PSD (Figs. 4, 5) . New spines that acquire a PSD are more likely to become persistent (Fig. 5) . However, most PSD-bearing new spines are transient. Persistent spines that lose a PSD are likely to be pruned (Fig. 5) . Furthermore, PSD size is proportional to spine head volume (Fig.   6 ). The PSD to head size ratio of new spines is lower than in persistent spines, suggesting that they slowly increase their PSD content. Spines that are destined to be lost on average lose PSD content over hours to days before they are pruned (Fig. 7) .
Auxiliary expression of PSD-95 and scoring of PSD-95-eGFP puncta PSD-95 overexpression has been shown to increase LTP-like plasticity and synapse maturation in neuronal cultures and organotypic brain slices (El-Husseini et al., 2000; Ehrlich and Malinow, 2004; Ehrlich et al., 2007) . Therefore, in our study, the auxiliary expression of PSD-95 may have altered synaptic physiology. However, several observations indicate that the disturbing effects were minimal. We expressed PSD-95-eGFP in a similar way to Gray et al. (2006) , in which spine densities and synaptic connectivity were not affected. Spine densities were similar to other in vivo imaging studies Gray et al., 2006; Hofer et al., 2009) , and spine turnover rates were comparable to those in GFP-transgenic mice Wilbrecht et al., 2010) . Furthermore, spine sizes and PSD sizes followed a log-normal distribution, similar to a recent imaging study in vivo (Loewenstein et al., 2011) , and individual spines and PSDs alternately grew and shrunk over time. Many new spines never acquired PSDs or only expressed them transiently. Many previously persistent spines lost their PSDs before being pruned. Altogether, this confirms that the auxiliary expression of PSD-95 did not cause a continuous growth of PSDs, did not massively stabilize spines, and still allowed continuous spine and synapse pruning. This also suggests that the synaptic incorporation of PSD-95 is a regulated process that is not readily inflated by auxiliary expression, which holds true for various other synaptic proteins (Kessels et al., 2009 ).
In our study, the number of spines without a PSD was comparable but slightly higher compared with some in vitro (De Roo et al., 2008) and EM studies Arellano et al., 2007) . Spine characteristics vary between cell and dendrite types (Nimchinsky et al., 2002) . Therefore, a likely explanation is the difference in neuron and dendrite populations that were analyzed in those studies. We are confident that our scoring criteria detected the smallest PSDs. The results were similar when we based scoring criteria on a cluster analysis of the fraction of PSD-95- eGFP that was bound in spine heads (Otmakhov et al., 2004) . Furthermore, the EM reconstruction showed that the lowest fluorescence intensities that we classified as puncta corresponded to the smallest PSDs that can be seen at the ultrastructural level. In addition, it should also be noted that a large proportion of the spine population without a PSD represented very thin structures, which may often be overlooked in serial section EM. For example, the widths of some thin spines in our 2PLSM images that were reconstructed using FIBSEM were as little as 80 nm. These could have remained undetected without the information from the live imaging that indicated their presence.
Relationship between spine and PSD formation
The majority of gained spines did not stabilize and did not acquire a distinct PSD. This corroborates EM studies that have detected a lack of PSDs and/or synapses in a large fraction of newly formed spines Nägerl et al., 2007) . New SpOs rarely acquired a PSD later on. However, we also observed an increasing fraction of new SpPs with increasing time intervals. This indicates that PSD-95 clustering is not always immediate, but can occur over hours and days after the growth of the parent spine. PSD growth showed similarities to in vitro studies. However, they were quantitatively different from the fast and functional synapse formation seen in those experiments (Nägerl et al., 2007; Zito et al., 2009 ). There are several explanations. First, our PSD scoring criteria may have resulted in a slight underestimation of synapse formation (see Results). Second, synaptic-like activity may occur even when PSDs are small or absent through nonclustered NMDA and AMPA receptors that are juxtaposed to presynaptic boutons. Third, PSD formation may be slower in vivo compared with organotypic cultures. This could be due to differences in circuit activity, synaptic inhibition, and neuromodulation. In our experiments, the dendrites were positioned in L1, a region of the cortex that receives many modulatory and longrange connections, whereas most slice experiments focused on hippocampal pyramidal cells that lacked long-range modulatory inputs and hormonal regulation. Hormonal oscillations and modulatory inputs can have profound effects on synaptic plasticity and spine maturation Liston et al., 2013) . Some new spines displayed a PSD yet did not stabilize for long periods of time. However, they still persisted longer than spines without PSDs. This suggests that, in addition to the PSD, other factors determine the stabilization of the spine. This is not inconceivable because spine morphology is regulated through a vast signaling network (Patterson and Yasuda, 2011 ). Because we did not have insight into axonal bouton dynamics, we can also not exclude the possibility that some PSDs lacked a presynaptic counterpart. Spine and PSD formation might be induced by large quantities of presynaptic glutamate release or spillover (Richards et al., 2005; Kwon and Sabatini, 2011) . However, these spines may not always be able to contact the presynaptic site from which glutamate was released. Alternatively, synapses in those spines may not be potentiated and therefore fail to stabilize, which may cause the spines to retract Kopec et al., 2006; Harvey and Svoboda, 2007; Hill and Zito, 2013; Oh et al., 2013) . Nevertheless, our data imply that transient SpPs may serve to provide short-term synaptic connections and could thereby temporarily influence network activity. This may be important for learning and downstream neuronal network plasticity (Xu et al., 2009; Yang et al., 2009) .
Relationship between spine loss and PSD dynamics PSD-95-eGFP levels in persistent spines fluctuated. We found a concomitant decrease in spine volume and PSD-95-eGFP levels before spines were pruned. This indicates that spine loss is associated with a gradual loss of PSD components. A gradual reduction of spine volumes before spine pruning was also observed during the experience dependent loss of persistent spines (Holtmaat et al., 2006) . These observations fit well with intrinsic spine volume changes in organotypic brain slices (Yasumatsu et al., 2008) and multiplicative dynamics in vivo (Loewenstein et al., 2011) . The results may indicate that the maintenance of a spine relies on PSD size. New spines that do not acquire enough PSD molecules may disappear and old spines that lose too many may be pruned. The loss of PSD components likely depends on longterm depression (Nägerl et al., 2004; Zhou et al., 2004; Oh et al., 2013) . Synaptic adhesion molecules that are linked to PSDs may be key in the maintenance of a synapse (Sheng and Hoogenraad, 2007; Han and Kim, 2008) . Once the PSD size is reduced below a critical point, adhesion to the presynaptic bouton may become insufficient to maintain the synaptic connection. Spines without a synapse may spontaneously disappear due to a lack of filamentous actin-anchoring points (Sekino et al., 2007; Soria Fregozo and Perez Vega, 2012) . Conversely, we did observe persistent spines that temporarily existed without a PSD before being lost (Fig. 5H ) . We cannot exclude the possibility that, in some cases, the spine was lost and replaced by a new spine that had not (yet) acquired a PSD. Nonetheless, the result may indicate that some, perhaps nonsynaptic, adhesion molecules temporarily keep the spine head linked to the presynaptic bouton after the complete removal of the PSD.
Similar to Woods et al. (2011) , we found that the loss of PSD enrichment is not a prerequisite for spine loss. Many spines displayed normal PSD-95-GFP levels at the last time point of observation. This may indicate that spines can be very rapidly pruned after the loss of a synapse. An interesting alternative is that active spine pruning in some cases strips the synaptic contact, a process that could be modulated by nonsynaptic mechanisms. However, it should be noted that most of our time intervals were much longer than in the in vitro studies and we may not have captured rapid PSD decline before spine pruning.
